Structural changes of precipitates in an Mg-5 at%Gd (Mg 95 Gd 5 ) alloy by aging at 200 C and 250 C have been studied by ordinary highresolution transmission electron microscopy (HRTEM) and high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM). In the early stage of precipitation by aging at 200 C up to 5 h, a short-range ordered structure exists in Gd-enriched regions with an about 2 nm size, and nuclei of an Mg 7 Gd structure ( 0 phase) occur in the short-range ordered structure by aging at 200 C for 5 h. The C for 100 h.
Introduction
Since magnesium-based alloys containing rare earth elements such as Y, Gd, Nd and Dy were found to show remarkable precipitation hardening by aging of supersaturated solid solutions of these alloys at low temperatures of about 200 C, [1] [2] [3] [4] [5] precipitation process in the alloys has been studied with much attention. From electron diffraction observations and high-resolution transmission electron microscopy (HRTEM) of the alloys, it has been reported that 00 in the early stage of aging and 0 phases around a peak-aging condition are precipitated in the Mg-matrix. [6] [7] [8] [9] However, in particular, the microstructure of fine precipitates at the early stage of aging has not been elucidated well, because HRTEM images are strongly affected by diffraction conditions and crystal thickness due to the coherent nature of the image formation. In recent papers, we have demonstrated that a high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM) technique, which forms images from only high-angle scattered electrons, is a powerful tool to study microstructures of fine coherent precipitates and gives a direct correspondence between object and image due to incoherent image formation. 10) Particularly, in HAADF-STEM images of the magnesiumrare earth alloys, positions of rare earth atoms and regions including rare earth elements can be clearly represented as bright dots and bright contrasts without the disturbance of the Mg-matrix. [11] [12] [13] Atomic-scaled HAADF-STEM observations of 0 phase precipitates in an Mg 95 Gd 5 alloy can directly derive a new structure model of Mg 7 Gd, 12) which is apparently different from a structure model reported in a previous paper. 14) Also, detailed morphology of the 0 phase precipitates in top-aged Mg 95 Gd 5 12) and Mg 98 Y 2 13) alloys has been elucidated by HAADF-STEM observations.
The purpose of the present work is to investigate structural changes of precipitates by aging of an Mg 95 Gd 5 alloy, paying attention to the early stage of aging, by HAADF-STEM and HRTEM observations.
Experimental Procedures
An Mg 95 Gd 5 alloy sample was prepared by melting Mg (99.9%) and Gd (99.9%) metals by induction heating under an Ar gas in a carbon crucible. The alloy was homogenized at 500 C for 6 h and then quenched in water. Cut samples were aged at 200 C and at 250 C for various times. TEM specimens were cut from the aged samples, and thinned by mechanical polishing and finally by ion-milling. HAADF-STEM images were taken by a 300 kV electron microscope (JEM-3000F) equipped with a field emission gun in the scanning transmission electron microscope mode. In HAADF-STEM observations, a beam probe with a half width of about 0.2 nm was scanned on samples. HRTEM was performed by a 400 kV electron microscope (JEM-4000EX) having a resolution of 0.17 nm. (Ni 3 Sn-type) structure. It should be noticed from the close examination of the diffraction patterns that the diffuse reflections have a characteristic shape, as shown by a schematic illustration in Fig. 1(c) . The shape of the diffuse reflections appears to reflect an intensity distribution of superlattice reflections of a 0 phase, as can be seen from Fig. 5(a) . Fig. 2(b) . In the diffractogram, diffuse reflections at 1/2 0 0-typed positions reproduce those of the diffraction pattern in Fig. 1(a) well. Relatively strong intensity of the diffuse reflections and weak Bragg reflections in Fig. 2 (b), compared with those in Fig. 1(a) , result from the HAADF-STEM image formed by an arrangement of Gd atoms and little contribution of the Mg-matrix. In order to reduce noise in the original image, Fig. 2 (c) shows a filtered image reconstructed using the Fourier diffrectogram and an aperture surrounding diffraction spots, using the DigitalMicrograph software. In the image of Fig. 2 (c), one can clearly see bright dots corresponding to Gd atom columns along the incident beam, i.e., the [001] m direction of the Mg-hexagonal lattice. The arrangement of the bright dots indicates a short-range ordered state without any periodic arrangements in wide regions. The bright dots are mainly arranged with an interval of about 0.37 nm, which corresponds to a second nearest neighbor distance in a hexagonal close-packed (hcp) structure, and form characteristic local arrangements such as hexagonal arrangements indicated by arrowheads and zigzag lines indicated by arrows. The hexagonal arrangement and zigzag lines of Gd atoms can be seen in the D0 19 structure, which is formed by ordering of Gd atoms located at second nearest neighbor positions in the hcp structure, as shown in Fig. 3(a) . In the D0 19 structure, the ordering of Gd atoms forms a hexagonal arrangement with a side length of ð2a 0 ffiffi ffi 3 p Þ=3 ¼ 0:37 nm and zigzag lines with an interval of ffiffi ffi 3 p a 0 and, where a 0 is a lattice parameter of a Mg hexagonal lattice, as can be seen in Fig. 3(a) . Fig. 2(c) . The alloys still show diffuse reflections, as can be seen in Fig. 1 . In the short-range ordered state in Fig. 4 , the growth of the D0 19 -typed local structure, i.e., periodic arrays of a hexagonal arrangement of bright dots, have not been observed, whereas zigzag lines of bright dots, indicated by arrowheads, become noticeable, compared with Fig. 2(c) , and a few arrays with an interval of about 1.1 nm can be seen in Fig. 4(b) . The zigzag lines with an interval of 1.1 nm correspond to those of Gd atoms with an interval of 2 ffiffi ffi 3 p a 0 in the Mg 7 Gd structure of the 0 phase, as shown in Fig. 3(b) . That is, nuclei of the Mg 7 Gd structure occur in the short-rage ordered state by aging at 200 C for 5 h. The above observations show that a short-range ordered state in Gd-enriched regions is formed and nuclei of the Mg 7 Gd structure occur in the short-rage ordered domains in the early aging stage showing diffuse reflections in electron diffraction patterns. It should be noted here that apparent precipitates of a 00 phase with a D0 19 structure, proposed by many previous papers, [6] [7] [8] [9] have not be observed in the early stage of aging. Fig. 6(a) , Gd-enriched 0 precipitates can be clearly seen as definite regions with bright lattice fringes with an interval of about 1.1 nm in dark contrast of the Mg-matrix. The lattice fringes consist of zigzag lines of bright dots, as can be seen in Fig. 7(b) . The zigzag line of bright dots corresponds to that of Gd atoms along the a-axis in the Mg 7 Gd structure. The oval shape of the precipitates, which has a long radius along the baxis and short one along the a-axis, results in superlattice reflections elongated along the a Ã -axis in Fig. 6 . The precipitates are considered to have a length of 200 nm along the c-axis. 12) In Fig. 7(a) , one can see that the precipitates of oval sections with a long diameter along the b-axis are joined along the b-axis, and remains of junctions of the precipitates can be seen as concaves and dark fringes that are a kind of anti-phase boundaries with a wide interval. It is interesting that hexagonal arrangements of bright dots remain at some joints, as indicated by small arrows in Fig. 7(b) . morphology of the 0 phase precipitates, formed in the topaging condition, keeps in the over-aging at 250 C for 100 h without any remarkably changes, as can be seen in Fig. 8(b) . Figure 9 shows a HRTEM image of an Mg 95 Gd 5 alloy aged at 250 C for 100 h. In the image, 0 phase precipitates with lattice fringes with an interval of 1.1 nm can be seen. Besides the lattice fringes, one can see strain contrasts inside the precipitates and Mg-matrix adjacent to the precipitates. Figure 10 shows a 0 phase precipitate embedded in the Mg-matrix. By obliquely viewing along the vertical direction, one can see coherent interfaces that mismatch between two adjoining crystals is accommodated by lattice distortions in the both crystals without the appearance of interface dislocations. Consequently, the lattice distortions due to the misfit are relaxed by the formation of a dislocation in the precipitate.
Conclusion
The structural changes of precipitates by aging of the Mg 95 Gd 5 alloy have been studied by the combination of HRTEM and HAADF-STEM techniques in detail. In the early stage of aging, Gd atoms concentrated in Gd-enriched 
